INTRODUCTION
It has been clearly established in experimental animals with pyloric obstruction that the stomach contents contain both sodium and chloride, but because the chloride loss exceeds that of sodium, that alkalosis results (1) . More recently, in addition to extracellular water and electrolyte deficits, intracellular deficits of potassium-and partial replacement of these deficits by sodiumhave been demonstrated in experimentally induced alkalosis (2, 3) , and in patients with alkalosis from vomiting (4) . This report describes abnormalities of water and electrolyte metabolism, and discusses some mechanisms of their production, in patients with alkalosis resulting primarily from loss of upper gastrointestinal contents. Renal insufficiency, which occurred in a number of them, was the subject of a previous report (5) .
CLINICAL MATERIAL AND METHODS
The patients usually were seen shortly after hospital admission and were observed at frequent intervals thereafter. In the patients who were studied fairly extensively (Cases 1 through 4) there had been in each instance vomiting due to obstructing duodenal ulcers for periods varying from several days to several months prior to admission. Fluid and electrolyte losses before admission, therefore, varied widely and were in each instance unknown. Continuing losses after admission were measured, but since all patients were studied on open wards, collections of urine and gastrointestinal secretion were subject to some error, with occasional regrettable losses of entire specimens. In the larger series of patients where electrolytes in the serum only were studied, the alkalosis was in each instance thought to be due to loss of upper gastrointestinal secretion, although the cause was not invariably pyloric obstruction.
Standard chemical methods for blood, urine, and gastrointestinal secretions were employed: carbon dioxide content (6) ; chlorides (7); phosphorus, modified for colorimetric determination (8) ; non-protein nitrogen (6) ; total urinary nitrogen (6) ; creatinine (9) ; calcium (10) . In Case 1 sodium and potassium were determined chemically (11, 12) . All other sodium and potassium determinations were made with a Perkin-Elmer Flame Photometer, Model 52A. Urine and serum sodium and urine potassium determinations checked in duplicate samples within 3 mEq./L., and serum potassium within 0.2 mEq./ L. Urine and blood pH were measured by glass electrode in a Beckman pH Meter without exposure to air and at room temperature, with a correction of .01 pH for each degree below 37°C Standard renal clearance methods were utilized (13) . Urine was collected by an indwelling catheter and the bladder rinsed with distilled water at the end of each period. Glomerular filtration rate was measured by inulin clearance in Case 2 (13) , and by endogenous "creatinine" in Case 4 (9 (5, 14) . He was first seen after a prolonged period of continuous vomiting and alkali ingestion ( . -i-i-- (5) . On admission the clinical and chemical findings resembled those of Case 1. The response to therapy differed in that following intravenous administration of sodium chloride, 224 mEq. of additional chloride as ammonium chloride on the second day, and water, there was a diuresis; and the hyponatremia, hypochloremia and alkalosis were corrected by the fourth day. Eighty mEq. of potassium were given orally as milk on the third day. On the morning of the fourth day, hypopotassemia and azotemia were still present. After addition of potassium, both orally and parenterally, and a simultaneous reduction of sodium and chloride intakes, the serum potassium rose, and by the seventh day all serum electrolytes were normal. Nitrogen retention continued throughout the period of observation.
Complete collections were, unfortunately, not always obtained so that definite balances could not be calculated. Thus, the volume of the urine specimen on day one is unknown, on day two represents only a 15-hour specimen, and on day three is accurate probably within 200 cc.; urine collections thereafter were, we believe, accurate. Only two complete collections of gastric drainage were obtained on days five and seven. No stools were passed during the first seven days.
Urinary concentration of chloride was high on admission (57 mEq./L.) when serum concentration was 50 mEq./L. On the second day, following administration of 1.5 liters of isotonic saline the previous day, urinary chloride excretion was minimal. On the third day urinary chloride excretion increased markedly before serum concentration was restored to normal. Intravenous ammonium chloride administered late on the second day might have been responsible for this secondary rise in urinary chloride excretion.
A similar relatively high urinary concentration of sodium was present before hyponatremia was corrected (e.g., 96 mEq. of sodium were excreted during a 15-hour period on day two, whereas serum sodium was still low on day three, 122 mEq./L.).
Urinary potassium excretion was significant throughout the period of observation, and highest when serum carbon dioxide content was highest and potassium lowest. Potassium and nitrogen excretions are compared in Table II , which covers days 4, 5 and 6 when collections were sufficiently o .---t 1 1 00 I-4. C4.ai -i ai %0 co 00 00 00 00-00 00 o >1 -1-1I1
1. From these data, plus those available for the first three days, it is reasonable to assume that during the entire six-day period of observation: 1. Potassium losses always exceeded those anticipated from protein catabolism. 2. Nitrogen balance was always negative. 3. Potassium uptake occurred and was a result both of administration of exogenous potassium and of utilization of endogenous potassium derived from protein catabolism.
4. Without provision of exogenous potassium, the amount of this base available from cell breakdown alone would have incompletely replaced the intracellular potassium deficit.
Serum electrolyte concentrations, rate of urinary electrolyte excretions, and rate of electrolyte intake were correlated with inulin clearance during an acute experiment on day four (Table III) . The serum carbon dioxide content, chloride, and sodium were now normal, but serum potassium was still low. The increased excretions of sodium and chloride following administration of considerable quantities of these same ions intravenously (incident to renal clearance measurements, including Tm determination) were, therefore, anticipated. Urinary potassium excretion was relatively high but constant during the first hour when the rate of sodium intake was moderate. It increased significantly during the second hour coincident with a 30-fold increase in rate of sodium administration ( associated with Tm determination). During the third to fifth hour sodium intake was sharply reduced, and potassium (as a solution of potassium chloride containing 23 mEq. of potassium per liter) was added. Urinary potassium excretion continued to increase, and attained rates twice those observed before the Tm measurement.
Clearance of inulin was greatly diminished throughout the test. Comparison of the C1.n/C1. ratios for sodium, chloride and potassium demonstrates that the increased urinary excretion of all three ions was associated with a similar percentage increase in all ratios. If one assumes that these ratios reflect the per cent of the filtrate excreted, it follows that excretion of sodium and chloride never exceeded 16 per cent of the quantity filtered; whereas 25 per cent of the potassium filtered was being excreted during the first hour, 50 per cent during the Tm determination, and 78 per cent within the first hour after sodium intake was reduced and potassium added to the infusion. The inference from these data is that renal conservation of potassium was inadequate, and that during the first part of the test, either sodium or chloride, or both, further inhibited tubular reabsorption of this cation.5 Addition of potassium to the infusion did result in some uptake of potassium, but less than 20 per cent of the intake was retained, and the CK/Ci' ratios remained at high levels, although they did diminish during the last hour of the test. If rates of potassium excretion during the acute experiment are calculated on the basis of 24 hours, the estimated output lies between 40 and 115 mEq. per day. The actual total urinary excretion for this day was 63 mEq. of potassium (Table I ). Evidence has already been presented that throughout the seven-day period of observation in this patient, renal conservation of potassium was incomplete, in spite of good presumptive evidence of potassium lack. The data obtained during the acute experiment suggest that both sodium and potassium administration further augmented potassium excretion.
A similar test was performed three weeks later when serum carbon dioxide content was again elevated and chloride slightly reduced as a result of recurrent vomiting. Parenteral The expected high chloride-content of the gastric fluid, and conservation of this anion by the kidneys; that sodium losses from gastric aspiration were approximately half those of chloride; that urinary potassium excretion was significant despite hypopotassemia; and that there was a small but definite potassium loss from the stomach contents.
Case 4 (M. T.) Mild Alkalosis, Hypopotassemia
The initial course of this patient was similar to that of Case 3. Hypopotassemia persisted until potassium was supplied, following which the serum level rose and an uptake of 200 mEq. occurred over a two-day period. The results of renal function measurements done on the fifth day (Table III) are in contrast to those seen in Case 2. Sodium intake was limited throughout the experiment, and potassium, 59 mEq./L. as a solution of potassium chloride, was added after an initial control period.
The rate of potassium administration was, therefore, almost three times that employed in Case 2. Note: The normal creatinine clearances; that potassium excretion, although it doubled, never exceeded 35 p.Eq. per minute; that sodium excretion more than doubled during the test; that chloride excretion was low; and that serum potassium rose to normal, while carbon dioxide content fell during the test. The CIon/Ccr ratios resemble those in Case 2, in that percentage increases for each electrolyte were similar. They differ in that actual CK/CCr ratios were very much less, although they did increase following potassium infusion.
Previous depletion of potassium apparently had occurred (cf. moderately elevated urinary potassium excretion on the first two days), but renal conservation of potassium had sufficiently improved to allow retention of a relatively large proportion of that administered by the time the test was performed. The data obtained during this acute experiment suggest in addition a correlation between 183 TVF I I sodium and potassium excretion, because intravenous potassium resulted in a significant increase in sodium excretion, whereas in Case 2 increased urinary potassium excretion followed sodium administration. The latter phenomenon occurs with normal renal function, and is frequently accentuated by renal disease (15, 16) .
Relation of Serum Potassium to Carbon Dioxide Content Figure 2 compares 42 simultaneous determinations of serum carbon dioxide content and serum potassium in 18 patients with alkalosis resulting from loss of upper gastrointestinal secretions. There is a suggestion that hypopotassemia accompanies alkalosis of this type; hyperpotassemia has not been observed by the authors in any such patient. However, it should be emphasized that these data do not demonstrate that the level of carbon dioxide content per se determines the level of serum potassium. For example, in Case 1 serum potassium varied from 1.6 to 4.1 (after administration of considerable potassium) with little change in carbon dioxide content. Hypopotassemia has also been clearly demonstrated during. acidosis (4) . The measurements merely confirm the observations of others that hypopotassemia is a fairly regular occurrence in this syndrome (4, 17) .
DISCUSSION
The data on these patients demonstrate the multiple nature of the biochemical abnormalities produced by loss or withdrawal of gastric contents. The removal of hydrochloric acid and water resulted in alkalosis, hypochloremia, and dehydration. With continued vomiting sodium concentration in stomach contents may reach half the chloride concentration. If gastric losses are only moderate and of short duration extracellular concentration of sodium may be maintained, due presumably to equivalent or greater removal of water as compared with sodium by the kidneys. The development of hyponatremia following continued or excessive vomiting, as seen in Cases 1 and 2, must represent a break in the defense of extracellular concentration (1, 15) . Shifts of intracellular water to the extracellular compartment, and sodium moving into the cells partially explain this dilution. Incomplete renal conservation of sodium during continued gastrointestinal losses appeared from the observations in Cases 1 and 2 to contribute further to this extracellular cation depletion. A similar inability of the kidneys maximally to conserve chloride in the presence of extreme hypochloremia was also observed in these same cases.
In addition to these adjustments of sodium and chloride, marked changes in intracellular fluid may be inferred from hyperpotassuria, in excess of that liberated from protein catabolism, and hypopotassemia. The observations reported here are in keeping with clinical observations and with direct measurements of intracellular composition in alkalosis in which potassium deficiency has been demonstrated (2, 3, 4, 17) .
The mechanism of the potassium deficiency is not clear. Darrow believes that the explanation lies in the fact that a "high serum bicarbonate in the serum must either facilitate the transfer of potassium out of the cells or increase the entrance of sodium," and that this occurs only after a biological steady state is attained. He discounts the possibility that increased urinary excretion of potassium could be the cause, because this same state was sometimes produced experimentally when the diet was abundant in potassium (3). Urinary potassium excretions were not measured, however. The data in this study have led the authors to the conclusion that excessive urinary potassium excretion must be an important factor in the production of deficit of this cation in alkalosis.
The exact mechanism by which renal loss is initiated and maintained is likewise obscure. Inability of the kidneys completely to conserve potassium, even with normal renal function, is one factor (18) . Renal insufficiency, so commonly a feature of the syndrome, apparently accentuates this inability. Observations made in this laboratory indicate that in renal insufficiency of any type the U/P ratio of potassium is usually five or more, even when hypopotassemia exists (19) . These data do not contradict the conclusions of others (20, 21) that in renal insufficiency potassium excretory ability is impaired. In the absence of excessive intake or transfers of cell potassium due to catabolism the urinary potassium concentration in renal insufficiency is usually fixed at a higher level than in the normal. The effect of sodium, almost invariably employed therapeutically, could well perpetuate and extend any pre-existing intracellular deficit by further increasing urinary potassium excretion ( 15, 16) . That other factors besides the excretion by the kidneys must also participate, however, is suggested by Case 4, in which excessive urinary potassium excretion was never demonstrated. The possibility that the acute episode with its accompanying dehydration and starvation, may stimulate the production of adrenal cortical steroids, which, in turn, have an effect on renal tubular control of potassium excretion, must be mentioned. The increased urinary potassium excretion following sodium administration, likewise, may be mediated through these glands. The data presented here furnish no information on this important point. Loss of potassium via the gastrointestinal tract, although not large, further contributed to the total deficits.
Interpretation of the clearance data is difficult. Any attempt to describe the renal tubular mechanism involved in electrolyte excretion depends upon accurate measurement of glomerular filtration rate. In the diseased kidney wide errors are possible, and could well explain the apparent renal tubular secretion of potassium observed in Case 2. In addition, comparison of electrolyte clearance to inulin or creatinine clearance introduces further variables because electrolyte clearance (i.e., ratio of quantity excreted per minute to serum concentration) may well depend upon adjustments taking place between intracellular and extracellular fluid, for which the kidneys are not primarily responsible. With these reservations, the hypothesis that changes in C10n/Cin or Cion/CCr indicate alterations in tubular activity is probably a fair approximation of actual adjustments taking place in the kidney (22) . If this hypothesis is correct, the argument is strengthened that in alkalosis deficiency of potassium is a result partially at least of altered renal tubular activity in regard to control of excretion of this cation. If the increased potassium excretion observed in Case 2 were due to changes in glomerular filtration rate alone without change in tubular activity, an increase in filtration rate of almost one-half the observed inulin clearance would have been required. The data reported here do not permit a differentiation between decreased reabsorption, or the alternative explanation of increased tubular secretion of potassium (23, 24) . The responses to the sodium load administered incident to Tm determination in Case 2 correspond rather closely with those which follow large infusions of sodium bicarbonate in patients with chronic glomerulonephritis, and at least as regards potassium excretion showed the same general departures from the normal responses (16) . The effect of the potassium load in Case 4 is more difficult to assess, because control measurements on normal subjects have not been accumulated. The data have been recorded here because of the rather striking effect on sodium excretion, suggesting an unexplained correlation of renal control of sodium and potassium.
The nature of the renal insufficiency has been described (5). As stated there, the evidence indicates that acute renal functional changes are associated with the alkalotic episode.
Treatment of this syndrome should be directed towards correcting all of the observed biochemical abnormalities. Isotonic saline, glucose, and solutions of potassium chloride, containing 30 to 60 mEq. of potassium, have met these needs (14) . Once extracellular dehydration has been corrected, immoderate use of sodium chloride is to be avoided.
SUM MARY
1. Multiple abnormalities of water and electrolyte metabolism in patients with alkalosis resulting from loss of gastric contents have included: dehydration, high serum carbon dioxide content, hypochloremia, hyponatremia, hypopotassemia, and azotemia.
2. Evidence has been presented that intracellular deficit of potassium is probably an important feature of the syndrome, and that this deficit is a result, in part at least, of excessive urinary excretion of potassium in association with moderate gastrointestinal loss and essentially no intake of the cation.
3. The data from these studies suggest that the hyperpotassuria was the result of a variety of phenomena affecting the renal tubular control of potassium excretion.
